The geostrophic adjustment of a stratified coastal current in the presence of a submarine canyon is considered with a mathematical model in which the vertical structure of the fluid is handled with a "level" technique that represents vertical gradients by finite differences. Two situations are investigated in detail: a two-level system where one level represents the shelf and one the canyon, and a three-level system with two levels over the shelf and one in the canyon. There are four important length scales in the adjustment process: the initial width of the coastal current, the width of the canyon, and the internal and external radii of deformation. For each vertical mode, the shorter of the radius of deformation for that mode and the width of the coastal current determines the distance over which the perturbing influence of the canyon decays. For typical shelf situations, the external mode decays with the width of the coastal current, while the internal modes decay with the internal radius of deformation. The width of the canyon determines the strength of the cross-canyon flow and thus, the strength of the canyon's effect on the overlying coastal current, with the interaction becoming smaller as the canyon width becomes smaller than the current width or the radius of deformation. As the cross-canyon flow becomes small, the importance of the geostrophic balance decreases and the internal density gradients become more important in balancing pressure gradients. Therefore even in the case of flow over a narrow canyon, the isopycnals at the top of the canyon are distorted and there will be some residual circulation on the shelf that is forced by the presence of the canyon.
INTRODUCTION
The effects of submarine canyons on the dynamics of persistent flows on continental shelves have only recently been considered [Freeland and Denman, 1982; in spite of numerous observations of currents in and near submarine canyons [Inman et al., 1976 [1980] ) were clearly aligned with the canyon topography. The second study [Freeland et al., 1984] presented observations on the continental shelf near Vancouver Island that showed a persistent deflection of the coastal flow during the summer in the vicinity of a small submarine canyon. This flow pattern (interpreted as an eddy trapped by the canyon topography) and the dynamics involved are analyzed in detail by Freeland and Denman [1982] . The third study [Hickey et al., 1986 ] described multiyear observations of currents and suspended sediments in Quinault Canyon off the U.S. northwest coast that reCopyright 1989 by the American Geophysical Union.
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0148-0227/89/89JC-00165 $05.00 vealed a correlation between flow along the canyon axis and the alongshelf circulation. The phase of this correlation is such that the pressure gradient due to the geostrophically balanced coastal flow forces upwelling or downwelling in the deep parts of the canyon. Supporting evidence for this forced vertical circulation is found in temperature, salinity, and transmissivity measurements which indicate vertical rather than horizontal motion of water. The final study [Hunkins, 1988] Hunkins [1988] ) are not strongly affected by the submarine canyon. Howevdr, currents within a few meters of the bottom seem to align with isobaths. One explanation is that the flow is following isobaths, although an alternative hypothesis is that the turning is due to a bottom Ekman layer. The mean current below the level of the shelf in the head of Baltimore Canyon is clearly different from the alongshore flow or that due to a bottom Ekman layer. All of these observational studies support the existence of some coupling of shelf and canyon circulations. The purpose of this study is to investigate the general character of these interactions. Of particular concern are the horizontal length scales that control the current-canyon interaction. The approach taken here is to consider a geostrophic adjustment problem which reveals the important length scales of the interaction without requiring that the transient initial value problem be solved in detail. For a review of the open ocean adjustment problem, see Blumen [1972] or Gill [1982, pp. 191-203] . Other examples of uses for this technique are in analyzing the circulation produced by surface cooling [Storereel and Veronis, 1980] and in calculating the structure of a tidal front [ van Heijst, 1985] .
The present study considers the geostrophic adjustment of a stratified, rotating fluid which is initially flowing on a shelf perpendicular to a rectangular submarine canyon. The vertical structure of the flow is represented in terms of "levels" [Pedlosky, 1979, pp. 396-400] which, in addition to simplifying the analysis, allows the dynamics of the flow in the canyon to be separated from that of the overlying shelf. Two situations are considered: a two-level system (one level for the coastal flow, one for the canyon) and a three-level system (two levels for the coastal flow, and one for the canyon). The governing equations for the two-level situation are solved analytically by separating the flow into two modes (internal and external). The solution reveals that the horizontal scale over which a perturbation decays in either mode is the shorter of the radius of deformation or the width of the initial current. The three-level situation allows both internal and external modes on the shelf adjacent to the canyon and thus represents more realistically the effect of the canyon on the coastal circulation. The governing equations for this case are again separated into internal and external modes, but a third mode now exists over the canyon. The solution shows that as in the two-level case, it is the shorter of the possible scales (current width or radius of deformation) that controls the decay width of the perturbations for a given vertical mode. Also apparent from these two solutions is that the width of the canyon determines the strength of the interactions between the canyon and shelf flow for a given mode, with the interaction becoming smaller as the canyon becomes narrower than the radius of deformation.
The following section presents the general dynamical model for the interaction of coastal flow and a submarine canyon. A reduced (two-level) situation is posed and solved.
The three-level model is then used to indicate the influence of the canyon on the surrounding continental shelf. Some extensions to this simple model are also presented along with comparisons to observations. The energetics of the threelevel simulations are analyzed and the last section discusses and summarizes the results of this analysis.
MODEL FORMULATION
The geostrophic adjustment of a stratified rotating fluid is considered with linear inviscid dynamics. The model domain is an infinitely wide flat-bottomed shelf with a straight rectangular channel cut into the bottom which represents a submarine canyon (Figure 1) . The initial flow on the shelf is chosen to be at right angles to the canyon and to be geostrophically balanced by a sloping free surface. Furthermore, the shelf flow is chosen to have a trigonometric structure in the along-canyon direction (the flow is "banded") with some inherent width scale. The initial circulation in the canyon is zero.
Geostrophic adjustment occurs by radiation of rotationally modified gravity waves, but it is possible to obtain directly the steady state that will result from a given initial current distribution [Gill, 1982, pp. 191-203] . In the absence of viscosity, fluid parcels will conserve potential vorticity which allows the direct calculation of the final steady state.
The presence of both variable fluid depth and continuous stratification greatly complicates the analysis of the a. djustment problem. Traditionally, the dynamics are posed in terms of a multilayer fluid. However, it is crucial for the present calculation to allow the dynamics in the canyon to be decoupled from that of the shelf. If the canyon is taken to be a layer by itself then, when water spills out of the canyon, the location of the edge of the "canyon" water must be calculated-a difficult problem. To avoid this problem while retaining separate dynamics for the canyon, the model equations will be used in a "level" format [Pedlosky, 1979, p . 396], which is best thought of as a finite difference representation of the vertical gradients in the governing primitive equations.
At least three levels are required for an adequate representation of a stratified shelf flow reacting to the presence of a submarine canyon, i.e., there must be two levels over the shelf and one level in the canyon. The governing equations in One of the boundary conditions for (3) is that the geostrophically balanced initial state remains unchanged away from the perturbing influence of the submarine canyon. The length scale of this decay will be determined in the course of this analysis. The other condition is that the normal flow (us) at the walls of the canyon must be zero, which is equivalent to demanding that (r/+ E2P2 + E4P4) is a constant along the canyon walls. Since this is the expression for the perturbation pressure in the canyon, it is easily seen (consider the case of a very narrow canyon) that the proper constant is The choice of a barotropic initial state is not so specific as might be thought. Consider, as the other possible extreme, that the initial flow is nonzero only at the surface, so that u•(t = 0) = cos (/xy) and u3(t = 0) = 0. In this case, the flow in level 1 is supported by a surface pressure gradient, but the internal density field is such that there is no pressure gradient in level 3 and thus.none over the canyon. There is no adjustment necessary as this initial state causes no circulation in the canyon and is not perturbed by the canyon. Therefore the barotropic initial state will have the strongest effect on the canyon and will represent the largest disturbance to the flow due to a canyon. Before solving the three-level adjustment problem, it is useful to consider the simpler situation having only two levels over the canyon and one level over the adjacent shelf. This reduced problem has the benefit of having a simple analytical solution which is easily studied.
TwO-LEVEL ADJUSTMENT

Model Equations
The simplest stratified case is a two-level situation with 
•/= D exp -((/x 2 + (1/31))1/2(x-1)) -/x 2 + 1/31
The equations governing the flow over the canyon (4) are coupled so it is convenient to convert to normal modes (after (7), and (9) are determined from the requirement that both h and dh/dx be continuous at x = 0 and l and that h + e2•2 = 0 along the edges of the canyon (x = 0,/). These conditions lead to a 6 x 6 system of linear equations which can be solved, but neither the equations nor the solution are displayed here as they do not add significantly to the discussion.
Results
The character of the steady circulation for the two-level model is apparent from expressions (6), (7) For a narrower (and more typical) canyon (10 km, Figure  2b ), the magnitude of the disturbance to the initial flow is slightly larger with the flow over the canyon being a little slower and the free surface rising slightly compared to the previous case. The external mode in the canyon is inhibited because the canyon is narrower than either of the decay scales for the external mode. The rising isopycnal creates a cyclonic vortex within the canyon and an anticyclone above the canyon.
If the canyon width is reduced to 1 km (narrower than the internal radius of deformation, Figure 2c) , the perturbation to the initial flow is quite small, while the density perturbation is relatively large. There is still a cyclone in the canyon and an anticyclone over the canyon but the strengths are much reduced over the previous case (Figure 2b) . The initial flow is only slightly affected by the presence of the canyon as is evident by the small changes in u• and r/. The density perturbation is about twice the strength of the previous case, but there is very little x gradient. In this case, the canyon is so narrow that v3 is small and the geostrophic balance in the along-canyon direction is inhibited. The pressure gradient due to the free surface slope is balanced mainly by the contrary slope of the internal density surface. That is, everywhere over the canyon, (r/ + e2P2) tends toward zero and the pressure gradient in the canyon becomes small.
As the canyon continues to narrow, the flow in the lowest layer goes to zero and the density perturbation at the interface grows until P2 = --r//t•2. For this case (parameters given in Appendix A), the density perturbation would be 0.44 kg/m 3 (about double the disturbance in Figure 2c ). The circulation in the canyon goes to zero as the canyon width decreases to zero. Therefore as a submarine canyon becomes narrower (by a factor of about 2) than the internal radius of deformation, it ceases to have much influence on the overlying coastal flow. However, there is a redistribution of density which means that there should be a density signal in the vicinity of even a narrow canyon. The major problem with this simple case is that the disturbance away from the canyon must decay with the smaller of the current forcing scale or the external radius of deformation. In order to consider the effect of a canyon on a stratified shelf, the shelf flow must be represented by at least two levels, which is the three-level case considered in the next section. (Figure 4e ) is evident along with the localized nature of the disturbance. There is a clear tendency for the largest density gradients to exist near the canyon walls. Since this canyon is about four internal radii wide, the peaks in the density perturbation are well separated. For a narrower canyon (relative to the internal radius), these peaks will merge into a single density mound.
Finally, the strongest density disturbance exists in the canyon (Figure 4f ) and is strongly confined to the walls.
Implications of the Results
Since coastal currents rarely exist as alternating bands of currents, it is appropriate to consider the extension of thes6 However, the vortex generation arguments can be extended to account for a sloping bottom such that a stronger circulation would be observed over the shallower parts of the canyon. Since there will be some viscous damping of these induced circulations (say, by a bottom Ekman layer) then only the stronger flows are likely to remain after adjustment, and these flows will be created over shallow water because the stretching there will be largest. So, one might expect the density signal of the current-canyon interaction to be most apparent on the shoreward side of the coastal current. There are likely other important processes that must exist in canyons of finite length so it is not fruitful to extrapolate these solutions any farther than these general statements.
Comparison With Observations
There are five studies that provide observations of the circulation in and around canyons that can be used to compare with the results of the three-level model. However, 
ENERGETICS
It is not possible, or desirable, to show a large number of numerical solutions for the three-level equations for various values of the governing parameters. However, it is useful to understand how the solutions depend on various parameters, so simulations will be described in terms of the area averaged energy of the initial and final states.
It is well known that only a portion of the energy of the initial state remains after adjustment [Gill, 1982, pp. 191-203 ; van Heijst, 1985] , the remainder having been radiated as gravity waves. In the classical problems with a displaced free surface, the initial energy is only potential energy, while in the present analysis, the initial energy is both kinetic ( and the total energy is the sum of KE and PE. A useful quantity to consider is the total energy extracted from the initial state and how much of this energy remains in the final circulation. To obtain the total energy, the expressions for KE and PE must be integrated over an area; however, the initial state contains infinite potential and kinetic energy because the flow extends to infinity. It is logical to integrate in the y direction over one wavelength of the solution, that is, from y = 0 to 2½r/tx. The integral in the x direction is more of a problem, since the energy will be arbitrarily large for integrals over larger distances. The solutions, however, decay away from the canyon walls with a scale determined by the deformation radii and the length scale of the initial current. Therefore the choice is made that the x integrals will extend on either side of the canyon a distance equal to twice the longer of these scales. Energy integrals are divided by the area so that the final results will be in energy density. Tests (not given here) using the two-level analytical solutions confirm that the numerical integrals over the finite domain defined above were within 1% of the true value of the integral over an infinite domain.
The first energy consideration is how much energy is lost in the adjustment process as a measure of the perturbing influence of the canyon. The ratio of final energy density to the initial energy density for a variety of current and canyon widths for the three-level simulations (Figure 5(left) ) shows that as the canyon and current become wider, there is a much stronger disturbing effect of the canyon on the initial flow. For the widest canyons shown here, about 30% of the initial energy has been radiated. For narrow canyons or narrow coastal currents, the canyon has only a small effect on the initial flow. A second energy consideration is how much of the kinetic energy lost by the initial flow goes to potential energy ( Figure 5(right) ). Even though narrow canyons have a smaller total energy extraction, the largest amount of the extracted energy (59%) goes into potential energy (distortion of the density surfaces). As the canyon becomes wider, much less of the energy goes into potential (down to 10%). There is some evidence that a canyon with a width a little less than one internal radius (2.45 km in this case) produces a little more potential energy than a canyon that is slightly wider or narrower. However, the most efficient production of potential energy is clearly in canyons that are much narrower than the internal radius. This energy ratio is larger than the value of one third obtained in the classical adjustment problem [Gill, 1982] , although in the classical case it is potential energy that is released and kinetic energy that is created. The likely reason for this larger retention of energy is that the canyon walls allow internal pressure gradients in the x direction to exist in the final state which are not allowed in the open ocean adjustment problem (see Gill [1976] for analysis of adjustment in an ocean of finite width).
DISCUSSION AND SUMMARY
The purpose of this study is to consider the effect of submarine canyons on persistent coastal flows; of particular interest are the length scales of this interaction. The direct way to obtain this information is to analyze the geostrophic adjustment of an initially unbalanced current in the presence of a submarine canyon. This use of the adjustment problem has a long history [Rossby, 1938; Cahn, 1945; Bolin, 1953; Blumen, 1972; Gill, 1976 ; Stomrnel and Vetohis, 1980; van Heijst, 1985] and the various aspects of geostrophic adjustment are summarized by Gill [1982, pp. 191-203] .
Density stratification is included in a simple way by allowing the flow to exist as levels, that is, the velocity and density are known only at discrete depths and the vertical derivatives in the governing equations are represented by finite differences. Two situations are considered in detail: a two-level system, for which one level represents the shelf flow and one level represents the canyon, and a three-level system, for which two levels represent the shelf flow. The two-level model is solved analytically and the various decay scales are seen explicitly. The three-level model is solved, ultimately, by numerical integration and the various length scales are determined by inspection of the solution.
There are four important length scales in the simulations: the internal and external radii of deformation, the width of the canyon, and the width of the initial current. For a given dynamical mode, the length scale with which perturbations decay is the shorter of the radius of deformation for that mode and the width of the initial current. For the external mode, the decay scale is always the width of the current it is unlikely that a coastal current will be several hundred kilometers wide. For the internal modes, the governing scale is the internal radius which is always smaller than (or at most equivalent to) the width of coastal currents.
The width of the canyon determines the character of the current-canyon interaction. For very wide canyons (compared to the internal radius or the width of the initial current), the steady circulation is trapped to the edges of the canyon, the external mode decays with the width of the current and the internal mode decays with the internal radius (e.g., Figure 3a) . As the canyon narrows, the external mode in the canyon is inhibited (i.e., the geostophic flow is reduced) because the pressure gradients are restricted, since the canyon is narrower than either of its allowed scales (e.g., Figure 3b ). As the canyon continues to narrow, the internal mode is inhibited (e.g., Figure 3c) . Eventually, for an infinitesimally wide canyon, there is no circulation in the canyon and the density gradient at the top of the canyon balances the surface pressure gradient. Even though there is very little circulation in the canyon, the canyon does have an effect on the shelf since the density is displaced to balance the pressure gradient at the top of the canyon. Also, there will be a residual circulation (an "eddy") on the shelf (with a radius about equal to the internal radius of deformation) due to the presence of the internal density gradients.
At some point, viscous effects, which are neglected here, will become important and will halt any influence of the canyon on the shelf flow. Such issues must await studies 
